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Introduction
The instrumental climate record reveals a rich spectrum of climate variability and change. Over the past decade, considerable progress has been made in assembling databases, removing systematic biases from these data, and analyzing records for interannual variability and decadal changes in the mean for large sampling times (monthly to annual) and spatial extent. Although quite important, there is a dearth of analyses regarding changes in extremes. Also, new climate fields have been generated through a number of climate model simulations that also offer opportunity for studying climate variability and biospheric interactions. This paper reviews our base of knowledge about climate variability and change during the instrumental record with a view toward better understanding of biospheric-atmospheric interannual to decadal scale interactions. Here we examine several basic questions about interannual to century-scale variations and changes of climate, including the following:
Is the planet getting warmer?
•Now at EROS Data Center, Sioux Falls, South Dakota. Each of these apparently simple questions is quite complex because of the multivariate aspects of each question and because the spatial and temporal sampling required to adequately address each question must be considered on a global scale. A brief review of our ability to answer these questions reveals many successes but points to some glaring inadequacies that must be addressed in any attempt to understand, predict, or assess issues related to interannual climate variability or change. [Jones, 1989 [Jones, , 1994 to add to any warming present due to other factors. One other feature about the time series is the large positive anomaly for 1998 making this the warmest year in the instrumental record due, in part, to the exceptionally strong 1997-1998 E1 Nifio.
Annual Global Surface Mean
Nonetheless, many questions have arisen regarding the adequacy of overall 20th century warming estimate of 0.6øC. For example, Figure 2 shows differences in the rate of change and interannual variability of global land temperatures due mainly to the use of two different methods to calculate global temperature changes. One method used by Hansen and Lebedeff [1987] starts by defining a set of 5 ø x 10 ø latitude-longitude grid boxes over the globe, designating the longest station time series within each grid box as the primary time series, then adjusting each additional station time series to that primary station based on a period of overlap. The second method is called the first difference technique and is implemented by creating a time series of year-to-year temperature (first) differences for each station within a grid box and developing the grid box time series by aggregating the first difference series from each station [Peterson et al., 1998 ]. Global time series for each method are created by aggregating all the grid box time series weighted by the cosine of the latitude. Although both time series show the same general shape, there are small differences in the two trends. Furthermore, small trend differences also arise due to the methodology used to calculate the linear trend [Peterson et al., 1998 ].
In addition, a variety of factors, such as instrumentation changes, station relocations, urbanization, and changes in measurement techniques add to uncertainty as to the temperature change. The Global Historical Climatology Network (GHCN) [Vose et al., 1992; Peterson and Vose, 1997 ] data set has been developed to provide the most comprehensive land-based observed temperature, precipitation, and air pressure data set for observed climate change studies. It consists of monthly values of temperature and total precipitation for many thousands of stations around the world covering the 20th century and extending back into the 19th century and in some cases even earlier. Part of the processing of this data set has included the development of a homogeneity-adjusted data set to attempt to minimize the effects of such factors as instrument changes [Easterling and Peterson, 1995] . Homogeneity adjustments also can affect trend estimation, however this effect is very small on a global scale . Thus factors that can lead to small differences in calculated trends, such as those discussed above, have lead the Intergovernmental Panel on Climate Change (IPCC) to suggest a range of temperature change since the late 19th century of between 0.3 ø and 0.6øC [IPCC, 1995] .
The rate and direction of temperature change has not been spatially uniform, as shown in Figure 3 . The data in this figure are taken from sea surface temperature records adjusted for changes in measurement methods over the ocean [Parker et al., 1995] and from land surface data from the Jones et al. [1991] data set that, like the GHCN, have been adjusted for obvious inhomogeneities due to station moves or instrument changes and updated through 1998. These two data sets are used to portray spatial variations since they have been gridded and analyzed for spatial consistency across land/ocean boundaries. Although much of the globe is warming, portions of the southern United States, the North Atlantic Ocean, the Middle East, and China have actually cooled since the turn of the century. Some of the strongest warming is over the middle to high latitudes of the Northern Hemisphere, and it is also noteworthy that the magnitude of the warming on regional space scales is often much larger than the global mean.
Changes in the mean temperature are perhaps less significant from a biGphysical impact standpoint than changes in the mean daily maximum and minimum temperatures. Figure 4 shows asymmetric changes in the maximum and minimum temperature over the past several decades from Easterling et al. [1997] . The rate of temperature increase of the maximum temperature has been about one-half the rate of increase of the minimum temperature. It is also noteworthy that the time series in Figure 4a also show a shift upward starting in the late 1970s similar to Figure 1 . The map in Figure 4b shows that as a result of the asymmetric changes of the maximum and minimum temperature, the diurnal temperature range is decreasing over much of the global landmass. One other feature about this analysis is that the possibility of urban contamination of the time series was specifically addressed. This was done by changes in temperature. In addition to the evidence discussed above, this figure also provides information about alpine glacial retreat, sea ice extent, ground temperatures, and stratospheric temperatures. For some of these factors confidence in the changes is not high; however, if the balance of evidence is considered, overall confidence in surface air temperature warming in the observed record is quite high.
Is the Hydrologic Cycle Changing?
Global warming would very likely lead to changes in precipitation due to changes in atmospheric circulation and a more active hydrologic cycle. This would be due, in part, to an increase in the water-holding capacity of the atmosphere with an increase in temperature. The source term for the hydrologic cycle, precipitation, has been measured for over two centuries in some locations, but even today, it is acknowledged that in many parts of the world we still cannot reliably measure true precipitation [Sevruk, 1982; IPCC, 1995 Information about past changes in land-surface precipitation, similar to temperature, has been compared with other hydrologic data, such as changes in stream flow, to ascertain the robustness of the documented changes and variations of precipitation. These comparisons have led to more confidence in the in situ precipitation data, which show a worldwide precipitation increase of about 1%. This increase is statistically significant but is not spatially uniform. Other changes related to the hydrologic cycle are summarized in Figure 9 (bottom). In many instances the confidence is low for the changes, and this is particularly disconcerting con- (i.e. assessment) *** Virtually certain (probability > 99%) ** Very likely (probability > 90% but <_ 99%) * Likely (probability > 66% but < 90% ? Possible (probability > 33% but % 66%)
Figure 9. Schematic of observed variations of selected indicators regarding (top) temperature and (bottom) the hydrologic cycle (based on IPCC [1995]).
precipitation do not readily explain the decrease in the diurnal temperature range. In this region, sulfur dioxide emissions have increased several-fold since the early 1970s, and it is likely that this has helped to reduce daytime temperatures contributing to the decrease in the diurnal temperature range. Changes in water vapor are very important for understanding climate change as water vapor is the most important greenhouse gas in the atmosphere. and Atmospheric Administration (NOAA) has recently conducted the longest reanalysis effort, and it is worth examining some examples from this effort here, particularly since many of these reanalysis fields are being used to examine climate variability on longer timescales and are directly relevant to biospheric processes. Guillemot [1996, 1997] carried out an evaluation of the moisture fields, the precipitation (P), and evaporation (E), and the moisture transport and divergence in the atmosphere from the global atmospheric National Centers for Environmental Prediction (NCEP) reanalyses produced with four-dimensional data assimilation. This is a methodology used The comparison of (E-P) from moisture budget diagnostics and observed values with the model result reveals some strong systematic differences. Biases in the reanalysis fields of (E) are inferred in some places from the (E-P) differences, and they probably arise from spurious land moisture sources in some cases. Remarkably, nearly all island stations show up as bull'seyes in the difference field calculation (Figure 17 ). Positive differences in Figure 17 imply that the model E is too high, the model P is too low, and/or the analyzed moisture divergence is too negative. While the moisture budget diagnostic estimates of (E-P) often produce better answers, in some places they are clearly inferior to those from the model parameterizations [Trenberth and Guillemot, 1996] . Both sets of estimates are affected by biases in moisture, as analyzed, and the model estimates also depend upon the parameterizations of sub-gridscale processes, such as convection, which influence (E) and (P). Global data are available from these analyses but are largely based on monthly means which are often unsatisfactory in capturing extreme climate and weather events, critical to understanding biosphere-atmosphere interactions. Exceptions to this occur primarily on a national basis; that is, high-resolution daily temperatures are available on a country-by-country basis but have not been assembled into a consistent long-term database. Time-varying biases are particularly difficult to correct for at this resolution. Nonetheless, a number of national data sets are available and have been analyzed to some extent in order to identify changes in extremes. These analyses reveal an increase in the extreme minimum in both the United States and the former Soviet Union but with little change in the extreme maximum temperature. Snow cover extent has been compiled on a weekly basis, and the data have been considered to be reliable since the early 1970s. The snow cover extent and temperature data covary inversely thereby providing additional confidence in each data set. Snow cover extent decreased rather abruptly in the late 1980s and with the exception of one year remain low.
Annual Trends in Precipitation 1900-98
Nighttime temperatures have been increasing at twice the rate of daytime temperatures over the past several decades and appear to be related to an increase in cloud cover and precipitation (wetter soils) and decreased potential evaporation (based on pan evaporimeters). Cloud cover and cloud type data are available from surface-based observations back to the 1950s and much earlier on a national basis. The latter data are subject to some significant biases and must be used with caution. Space-based data from the International Satellite Cloud Climatology Project (ISCCP) provide the best large-scale coverage and very good information about interannual climate variability but is not yet reliable enough to deduce multidecadal changes of cloud amount.
Precipitation has increased in the middle to high latitudes and has tended to decrease in the subtropics. A major issue related to precipitation measurement relates to the biases associated with solid precipitation measurement. Nonetheless, comparisons with stream flow data suggest that the data are robust with respect to multidecadal trends. High-resolution daily precipitation data are also available for a few countries and have been analyzed for changes in extremes. Significant increases in extreme precipitation rates are apparent in the United States and Australia, the two areas most closely studied. Decreases in pan evaporation closely track the observed decrease, the diurnal temperature range over the United States, and the former U.S.S.R. (where data are available and have been analyzed). In addition, multidecadal measurements of soil moisture over portions of the western former U.S.S.R. reflect increasingly moist soils during this same time period. Moreover, variations of precipitation also track variations in the diurnal temperature range over much of the world.
A considerable amount of additional model data is available for analysis from the reanalysis efforts at various national meteorological centers. A thorough analysis of the evaporation and precipitation fields of the NCEP reanalysis indicates that many of the generated quantities must be used with caution. This includes precipitation and estimates of evaporation minus precipitation. Nonetheless, there are many fields, such as precipitable water, which offer an excellent opportunity for better understanding of atmospheric-biospheric interactions.
There is enormous potential to better understand atmospheric-biospheric interactions with existing data sets, both observed and modeled, but extreme caution must be exercised in using any of these data sets. All data sets have some systematic biases and uncertainties, whether they are useful depends on the specific application.
